INTRODUCTION {#rrw133s1}
============

To understand the health effects of high-dose or low-dose radiation, many molecular biological analyses have been conducted. Currently, radiation is considered to influence living organisms in a dose-dependent manner, and the International Commission on Radiological Protection (ICRP) has established dose limits based on a linear no-threshold (LNT) model. However, the dose rate is an important factor in evaluating radiation risk to health. Indeed, there are cases of exposure to a low dose rate of radiation over the long term, such as at nuclear plant accident sites or during space exploration. In terms of radiation dose-rate effects, it is considered that the lower the rate for a given dose, the lower the effect induced by that dose \[[@rrw133C1]\]. However, specific responses have been shown to be induced by low-dose rate irradiation that are distinct from responses to acute radiation exposure \[[@rrw133C2]--[@rrw133C5]\]. In addition, in most cases, the effects observed are described in terms of mutation rates or cancer incidence, and the process remains unclear. Therefore, characterization of the effects of low-dose-rate radiation is indispensable for radiation protection and risk evaluation.

Radiation effects on living organisms have been researched at molecular levels such as at the level of mRNA and protein expression, as well as at the level of metabolic alterations. Analyses of protein expression in direct connection with biological functions provide useful information on health effects. Radiation effects on protein expression have been investigated in some systems \[[@rrw133C6]--[@rrw133C8]\]. Effects of low-dose radiation or low-dose-rate irradiation on protein expression have also been investigated in order to understand environmental or medical low-dose radiation \[[@rrw133C9], [@rrw133C10]\]. We previously reported changes in protein expression in the livers of mice irradiated at low dose rates over the long term \[[@rrw133C10]\]. Although attempts have been made to organize data regarding alterations in protein expression following irradiation in order to create a unified interpretation, such organization is difficult since most of the data have dealt with varying time points at different doses and in different experimental models \[[@rrw133C6]\]. In addition, information about protein expression at late times after irradiation seems to be lacking \[[@rrw133C9], [@rrw133C11]\]. To the best of our knowledge, comparative studies on dose-rate health effects for high-dose and low-dose radiation have not been conducted over significant time periods after irradiation in mouse models. Comparative studies between chronic and acute irradiation may offer critical information for understanding the processes that lead to the late effects of radiation.

Some effects of low-dose rate, long-term irradiation have been studied. A total dose of 8 Gy by chronic irradiation significantly increases neoplasm incidence and molecular alterations in mice \[[@rrw133C10], [@rrw133C12]--[@rrw133C15]\]. However, it remains unclear how this radiation exposure induces sustained effects that subsequently lead to health effects. If molecular markers can be detected in the process after irradiation, they would be useful in predicting and modifying radiation effects. To evaluate the alterations in protein expression in dose-dependent and dose-rate-dependent responses, protein expression in mice exposed to low-dose-rate, long-term radiation needs to be compared with that in mice exposed to acute radiation.

In the present study, a total dose of 8 Gy was used for both chronic and acute irradiation. In addition, to compare the effects of a lethal acute dose with the effects of a sublethal dose, a dose of 4 Gy was also evaluated. We then analyzed alterations in protein expression to better understand the processes that lead to radiation effects. We found specific responses to radiation in terms of changes in protein expression by comparative analysis, not only between sublethal and lethal doses, but also between acute and chronic irradiation.

MATERIALS AND METHODS {#rrw133s2}
=====================

Mice and acute irradiation {#rrw133s2a}
--------------------------

For acute irradiation, 7-week-old male SPF C57BL/6J mice were obtained from CLEA Japan (Tokyo, Japan) and irradiated with 4 Gy of X-irradiation at 10 weeks of age. For 8 Gy X-irradiation, male SPF C57BL/6J mice from Japan SLC Co. (Hamamatsu, Japan) were irradiated at 24 weeks of age. The mice were irradiated with 8 Gy or 4 Gy at Tohoku University (dose rate: 0.72 Gy/min) or at the National Institute of Radiological Sciences (NIRS) (dose rate: 0.55 Gy/min). In the case of acute irradiation with 8 Gy, mice were sacrificed 6 days after irradiation. In the case of 4 Gy irradiation, the mice were sacrificed 3 months after irradiation. In all cases, livers were perfused with cold phosphate-buffered saline (PBS) and were stored at −80°C until use. All procedures were conducted in accordance with the relevant legal regulations of Japan under the Guidelines for Animal Experiments of the University of Occupational and Environmental Health and NIRS.

Continuous irradiation {#rrw133s2b}
----------------------

For chronic irradiation, 7--8-week-old male SPF C57BL/6J mice were obtained from CLEA Japan and were irradiated at the Institute for Environmental Sciences in Rokkasho, Aomori, under the same conditions as described previously \[[@rrw133C13]\]. Briefly, continuous irradiation was carried out with ^137^Cs gamma rays for 400 days (22 h/day) at a dose rate of 20 mGy/day (total dose of 8000 mGy). Dosimetry and animal care under barrier conditions were carried out as described previously \[[@rrw133C12]\]. Mice were sacrificed immediately or at 3 months after chronic radiation exposure was completed, and the livers were perfused with cold PBS and stored at −80°C until use. All experiments were conducted in accordance with the relevant legal regulations of Japan, and under the Guidelines for Animal Experiments of the Institute for Environmental Sciences (IES).

Antibody array analysis {#rrw133s2c}
-----------------------

Comparative studies of protein expression in livers between non-irradiated and irradiated mice were performed using the Panorama® Antibody Microarray (XPRESS Profiler725 Kit) (Sigma-Aldrich Co., St Louis, MO). This antibody microarray contains 725 different antibodies. The antibodies represent families of proteins involved in a variety of functions such as apoptosis, cell cycle, cell stress, cytokines and gene regulation. Protein extraction from parts of frozen livers, antibody microarray hybridization, and imaging were performed at Filgen, Inc. (Nagoya, Japan) following the kit instructions. Slides were dried and scanned on a GenePix® 4000B scanner (Molecular Devices Co., Tokyo, Japan). Microarray images were analyzed with Array-Pro Analyzer® Ver. 4.5 (Media Cybernetics Inc., Bethesda, MD). Microarray data were analyzed with Microarray Data Analysis Tool Ver. 3.2 (Filgen, Inc.). Three pair comparisons were performed for each point. All of the antibody array data were shown in [Supplementary Tables 1 and 2](#sup1){ref-type="supplementary-material"}. Data of antibodies that have no reactivity with mouse proteins were excluded for subsequent analyses. In addition, as DcR3 does not seem to be identified in mice in spite of the antibody information from the manufacturer, the result was also excluded \[[@rrw133C16]\]. Antibody data that displayed increases or decreases of \>2-fold in all three comparisons were selected and are presented in the figures and tables. When more than one kind of antibody to one protein were used, the most altered result is shown in the tables.

Sample preparation and western blot analysis {#rrw133s2d}
--------------------------------------------

Liver tissues were homogenized in five volumes of a lysis solution (extraction buffer including Benzonase, protease inhibitors and phosphatase inhibitors) used in the Panorama® Antibody Microarray kit. Lysates were centrifuged (20 000 × *g*) at 2°C for 30 min. The supernatants were used for western blot analysis.

Protein concentration was determined using Bradford\'s method. Western blotting was performed as described elsewhere \[[@rrw133C10]\]. Equivalent amounts of protein were subjected to SDS-polyacrylamide gel electrophoresis (12%). Separated proteins were transferred electrophoretically to polyvinylidene difluoride (PVDF) membranes. The membrane was blocked with PBS-Tween (0.05%) solution containing 5% non-fat dry milk at 4°C overnight, followed by immunoblotting with antibodies against caspase 12 (C7611, Sigma) and actin (Santa Cruz Biotechnology, Inc., Dallas, TX) for 2 h at room temperature. After four washes with PBS-Tween solution, immune complexes were detected with the appropriate secondary antibodies (Santa Cruz Biotechnology, Inc.) and detection reagents (Luminata Crescendo Western HRP substrate, Merck Millipore, Darmstadt, Germany). Signal bands were analyzed using an LAS-1000 analysis system (Fuji Film, Tokyo, Japan).

Immunohistochemical staining analysis {#rrw133s2e}
-------------------------------------

Tissue samples were fixed in 10% neutral buffered formalin. The samples were then placed in ethanol and paraffin-blocked. Paraffin embedded samples were deparaffinized and rehydrated with graded alcohols and were used for immunohistochemical staining analysis. Antibodies against MyD88 (MAB2745, Abnova, Taipei, Taiwan) and Laminin2 α2 (L0663, Sigma) were used, and the samples were analyzed at the Biopathology Institute Co., Ltd (Oita, Japan).

Statistical analysis {#rrw133s2f}
--------------------

Statistical analysis was performed using Student\'s *t*-test, and *P*-values are indicated in Tables [1](#rrw133TB1){ref-type="table"} and [2](#rrw133TB2){ref-type="table"}. Table 1.Alterations in protein expression in mouse livers resulting from acute irradiationProteinFold change (mean ± SD)*P*Related functions8 Gy **MyD88**5.6 ± 3.6\<0.05Toll-like receptor signaling Parkin2.4 ± 0.5\<0.01Cancer suppressor **Bcl-x~L~**0.44 ± 0.02\<0.01Apoptosis4 Gy **MyD88**3.5 ± 0.59\<0.01Toll-like receptor signaling MAP1b2.5 ± 0.26\<0.01Microtubule association, autophagy DcR12.2 ± 0.04\<0.01Apoptosis **Bcl-x**~**L**~0.34 ± 0.05\<0.01Apoptosis P34cdc20.38 ± 0.1\<0.01Cell cycle[^1]Table 2.Alterations in protein expression by protracted low-dose-rate irradiation of mouse liversProteinFold change (mean ± SD)*P*Related functionsImmediately after total dose irradiation with 8 Gy MBNL13.3 ± 0.2\<0.01Gene expression and regulation **Laminin2 α2**2.6 ± 0.4\<0.01Basement membrane **DRAK1**0.23 ± 0.09\<0.01Apoptosis PUMA/bbc30.36 ± 0.11\<0.01Apoptosis **BID**0.27 ± 0.05\<0.01Apoptosis cRaf (pSer^621^)0.4 ± 0.09\<0.01MEK signaling **Bim**0.41 ± 0.07\<0.01Apoptosis **Bmf**0.34 ± 0.09\<0.01Apoptosis SynCAM0.45 ± 0.05\<0.01Cell--Cell adhesion ILP20.43 ± 0.02\<0.01Apoptosis3 months after total dose irradiation with 8 Gy **Laminin2 α2**4.3 ± 2.90.063Basement membrane NFκB16 ± 200.131Gene expression and regulation Caspase123.3 ± 0.9\<0.01Apoptosis Phosphor-β-catenin (pSer^45^)2.7 ± 1.0\<0.05Cytoskeleton **DRAK1**0.29 ± 0.1\<0.01Apoptosis **BID**0.31 ± 0.04\<0.01Apoptosis **Bim**0.35 ± 0.07\<0.01Apoptosis **Bmf**0.33 ± 0.06\<0.01Apoptosis Apaf10.34 ± 0.06\<0.01Apoptosis[^2]

RESULTS {#rrw133s3}
=======

Acute lethal and sublethal radiation effects on protein expression in the liver {#rrw133s3a}
-------------------------------------------------------------------------------

In order to evaluate differences between the effects of chronic and acute irradiation on protein expression, an antibody array approach was adopted. First, mice were acutely irradiated with 8 Gy or 4 Gy. Six days after 8 Gy irradiation, the proteins MyD88 and Parkin displayed increased expression, whereas Bcl-x~L~ was the only protein to show a decrease in expression (Table [1](#rrw133TB1){ref-type="table"}).

Acute irradiation with 4 Gy is sublethal, and most mice can survive long term after such radiation. At this dose, alterations in protein expression were observed at 3 months after the irradiation (Table [1](#rrw133TB1){ref-type="table"}). Two proteins, MyD88 and Bcl-x~L~, were commonly altered in mouse livers acutely irradiated with either 8 Gy or 4 Gy. The expression of some other proteins, including p34cdc2, DcR1 and MAP1b, was altered in livers 3 months after irradiation with 4 Gy.

MyD88 expression was immunohistochemically stained in livers 3 months after acute irradiation (Fig. [1](#rrw133F1){ref-type="fig"}A and B). Higher MyD88 signals in endothelial cells around blood vessels 3 months after irradiation were observed, as compared with controls.

![Immunohistochemical staining analyses of MyD88 in mouse livers 3 months after acute irradiation. (A) Control; (B) 3 months after acute irradiation. Upper panels are ×100, and lower panels are ×400.](rrw133f01){#rrw133F1}

Alterations in protein expression induced by chronic irradiation {#rrw133s3b}
----------------------------------------------------------------

The effects of chronic irradiation on protein expression were also tested using these antibody arrays. Irradiation with a low dose rate of 20 mGy/day was performed at the IES (Aomori, Japan). This dose rate induces hepatocellular adenomas as a late effect \[[@rrw133C13]\]. Mice irradiated with this dose rate for 400 days (a total dose of 8 Gy) were used for the analysis. Alterations in protein expression in livers immediately after irradiation were observed (Table [2](#rrw133TB2){ref-type="table"}). Proteins whose expression was altered were related to the inflammatory response and apoptosis regulation. Protein expression was also evaluated at 3 months after chronic irradiation. Interestingly, new induction of proteins even at 3 months after irradiation was detected. Many of these proteins were related to apoptosis. Laminin2 α2 (the one protein whose expression was altered both immediately and at 3 months after chronic irradiation) and caspase 12 (whose expression was altered at 3 months after chronic irradiation), for which little or no information is available related to radiation response, were further examined. Laminin2 α2 expression in livers at 3 months after irradiation was evaluated using immunohistochemical staining (Fig. [2](#rrw133F2){ref-type="fig"}). The protein was detected mainly in bile duct epithelial cells (Fig. [2](#rrw133F2){ref-type="fig"}A and D); however, strong signals were also observed in some areas in bile duct epithelial cells in control samples (Fig. [2](#rrw133F2){ref-type="fig"}C). An attempt to analyze the alteration of Laminin2 α2 by western blot was not successful. This was probably because the antibody used had low affinity to denatured Laminin2 α2 \[[@rrw133C17]\]. Although strong signals were detected in some inflammatory lesions at 3 months after chronic irradiation (Fig. [2](#rrw133F2){ref-type="fig"}F), large differences were not detected between control and irradiated samples (Fig. [2](#rrw133F2){ref-type="fig"}A, C, D and E). In contrast, increased caspase 12 expression in irradiated samples compared with control was clearly confirmed by western blotting (Fig. [3](#rrw133F3){ref-type="fig"}). This finding suggests that increases in apoptosis-related proteins can be sustained for long periods after chronic irradiation.

![Immunohistochemical staining analyses of Laminin2 α2 in mouse livers 3 months after chronic irradiation. Control (A--C) and 3 months after chronic irradiation (D--F). Panels (A) and (D) are ×100 magnification, and panels (B, C, E) and (F) are ×400.](rrw133f02){#rrw133F2}

![Caspase 12 expression in mouse livers assessed by western blotting at 3 months after chronic irradiation. C = Control, IR = 3 months after irradiation (30 μg/lane). Actin was assayed as a loading control.](rrw133f03){#rrw133F3}

DISCUSSION {#rrw133s4}
==========

It is necessary to understand how radiation exposure causes acute effects, late effects, recovery, or death in order to establish strategies for radiation protection. We looked for differences in protein expression between acutely and chronically irradiated mice so as to better understand late alterations in biological processes after irradiation. A total dose of 8 Gy, which induces cancer even with chronic irradiation (20 mGy/day) \[[@rrw133C13]\], was used for experiments to compare acute and chronic irradiation. In the case of acute irradiation, a sublethal dose of 4 Gy was also used as a reference to analyze the process. One protein whose expression was increased, and one whose expression was decreased, were common between both 8 Gy and 4 Gy irradiated groups. The protein whose expression was decreased was Bcl-x~L~. Bcl-x~L~ is a Bcl-x splicing variant and has anti-apoptotic ability \[[@rrw133C18]\]. Indeed, Bcl-x~L~ overexpression reduces gamma irradiation--induced apoptosis, and BH4 peptides derived from Bcl-x~L~ have been demonstrated to protect mice from death due to high-dose radiation \[[@rrw133C19], [@rrw133C20]\]. Because BH4 forms part of the N-terminal of Bcl-x~L~, and because the antibody used in the present study recognizes 3--14 amino acids of Bcl-x~L~, these findings suggest that high and acute irradiation suppresses Bcl-x~L~ expression, indicating the promotion of radiation damage, that is, apoptosis induction. On the other hand, the protein that showed an increase in expression upon radiation, MyD88, is related to innate host defense pathways. It has been reported that MyD88 is induced by high-dose irradiation \[[@rrw133C21], [@rrw133C22]\]. MyD88 also functions in the Toll-like receptor (TLR) signaling pathway, which is related to radiation protection \[[@rrw133C23]--[@rrw133C25]\]. Indeed, MyD88 is required for induction of the radioprotective activity of Flagellin, a radioprotector \[[@rrw133C23]\]. The levels of Parkin were increased only with acute irradiation with 8 Gy. Parkin has been identified as a protein related to Parkinson\'s disease and is considered to be a cancer suppressor gene. Parkin functions in the Warburg effect, and its induction after irradiation is considered to play a role in suppressing cancer \[[@rrw133C26]\]. This protein is induced by p53 expression, and its increase promotes respiration in mitochondria, while its suppression promotes the Warburg effect and tumorigenesis. In addition, as Parkin has a role inducing mitochondrial autophagy for mitochondrial quality control, autophagy control might be related to radiation-induced Parkin exression \[[@rrw133C27]\].

Immunohistochemical staining studies indicated that, after irradiation at 4 Gy, MyD88 was distributed around blood vessels. This finding supports the hypothesis that inflammatory reactions induced by blood cells are sustained in the liver. On the other hand, in the case of irradiation at 4 Gy, the proteins DcR1 and MAP1b were induced at 3 months after irradiation. An increase in MAP1b might promote inflammation via suppression of autophagy \[[@rrw133C28]\]. DcR1 is a decoy receptor for the negative regulation of apoptosis via death receptors \[[@rrw133C29]--[@rrw133C31]\]. DcR1 has been reported to be induced by DNA damage \[[@rrw133C31]\]. It has also been reported that Bcl-x~L~ knockdown promotes TNF-induced apoptosis \[[@rrw133C32]\]. Bcl-x~L~ and receptor signaling via TNF receptor or death receptors in apoptosis seem to be linked. After irradiation with 4 Gy, p34cdc2, which is related to cell cycle regulation, is decreased. Cdc2 is considered to be downstream of cdc25. Though the significance of altering cdc2 expression remains unclarified, its suppression seems to be related to cell cycle arrest \[[@rrw133C33], [@rrw133C34]\]. It has been demonstrated that acute, high-dose irradiation upregulates or downregulates cell cycle--related genes, and, in particular, the induction of cyclin-dependent kinase inhibitor 1A (cdkn1A) persists in the livers of mice for 10 weeks after irradiation \[[@rrw133C11]\]. The present results support previous findings that cell cycle responses to acute, high-dose irradiation persist long after the irradiation. Several studies have demonstrated that high-dose irradiation induces protein expression in mice for a short time; however, little is known about how protein levels are altered several months after irradiation \[[@rrw133C6], [@rrw133C11]\]. The present study demonstrated that the effects of acute high-dose irradiation persist in mice for \>3 months, even though their phenotypic appearance is normal.

In addition, we found that the alterations in protein expression induced after chronic irradiation are different from the alterations induced by acute irradiation. The level of one protein, Laminin2 α2, was found to be increased by the antibody array in both analyses immediately after, and at 3 months after, chronic irradiation. The function of this protein remains unclear, but it has been shown that it can be used as a serum biomarker for liver fibrosis \[[@rrw133C35]\]. Indeed, immunohistochemical analysis suggests that Laminin2 α2 is distributed in the damaged parts of blood vessels. In addition, Laminin α2 has been reported to be related to tumorigenesis \[[@rrw133C36]\]. Laminin α2 facilitates tumor growth as well as increased DNA repair after radiation. Each laminin is a glycoprotein heterotrimer that is located mainly in basement membranes, and the α2 chain is one of the common subunits \[[@rrw133C37]\]. As the antibody used in the microarray analysis recognizes the N-terminal portion of the α2 chain of laminin, this protein might also be related to radiation-induced carcinogenesis. The participation of Laminin2 α2 in a sustained radiation response needs to be confirmed by further studies. The proteins whose levels were decreased by radiation (Bim, BID, Bmf and DRAK1) were all decreased at both time points after chronic irradiation, and all participate in apoptosis regulation. Bim, BID, Bmf and DRAK1 promote apoptosis \[[@rrw133C38]--[@rrw133C40]\], while Bim and BID participate in the mitochondrial regulation of apoptosis. Puma was decreased immediately after chronic irradiation, and a decrease in Apaf1 was detected only at 3 months after chronic radiation; these proteins are also related to apoptosis \[[@rrw133C41], [@rrw133C42]\]. Apoptosis suppression can allow damaged cells to persist, and suppression of both Bim and PUMA is considered to be related to carcinogenesis \[[@rrw133C42]\]. On the other hand, an increase in the level of caspase 12 was detected at 3 months after chronic irradiation. Caspase 12, an ER-stress signaling protein, may be related to apoptosis and inflammatory responses \[[@rrw133C43]--[@rrw133C45]\], and is also involved in ROS signaling \[[@rrw133C46]\]. In addition, caspase 12 has been reported to be induced by acute irradiation \[[@rrw133C47]\]. The induction of caspase 12 at a late time point after chronic irradiation might be the key to understanding radiation-induced carcinogenesis. Chronic irradiation of 20 mGy/day is sufficient to increase the incidence of neoplasms. The effects on the liver induced by this irradiation are considered to be related to carcinogenesis. Indeed, the incidence rate for hepatocellular adenomas has been shown to increase after chronic irradiation \[[@rrw133C13]\].

Here, we analyzed proteins that were increased or decreased \>2-fold, as representative altered proteins. In fact, proteins changed \<2-fold might be also important. Further studies would be interesting using the present antibody array data (see [Supplementary Tables 1 and 2](#sup1){ref-type="supplementary-material"}).

The proteins whose levels were altered after chronic irradiation largely mediate apoptosis signaling and are very different from the proteins that were induced by acute irradiation. In acute irradiation, proteins involved in defense pathways and inflammatory reactions were induced. In particular, it is very interesting that apoptosis signaling in the mitochondria and microsomes was involved in the altered signaling pathways after chronic irradiation as these apoptosis pathways seem to be related to each other \[[@rrw133C48]\]. Understanding how these signaling pathways are affected after chronic irradiation would contribute to evaluation of radiation damage, protection against radiation risk, and medical treatment for radiation exposure.
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[^1]: Expression of the proteins in boldface type is altered in the case of both 8 Gy and 4 Gy irradiation at 6 days and 3 months after irradiation, respectively.

[^2]: Alterations were observed in expression of the proteins in boldface type both immediately and at 3 months after irradiation.
